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However, our knowledge about temporal and spatial regulation of drought-associated
genes in the root remains fragmented, especially in crop plants. We performed a
meta-analysis of expression divergence of essential drought-inducible genes and analyzed
their association with cis-elements in model crops and major cereal crops. Our analysis of
42 selected drought-inducible genes revealed that these are expressed primarily in roots,
followed by shoot, leaf, and inflorescence tissues, especially in wheat. Quantitative
real-time RT-PCR analysis confirmed higher expression of TaDREB2 and TaAQP7 in roots,
correlated with extensive rooting and drought-stress tolerance in wheat. A promoter scan
up to 2 kb upstream of the translation start site using phylogenetic footprinting revealed
708 transcription factor binding sites, including drought response elements (DREs), auxin
response elements (AuxREs), MYCREs/MYBREs, ABAREs, and ERD1 in 19 selected genes.
Interestingly, these elements were organized into clusters of overlapping transcription
factor binding sites known as homotypic clusters (HCTs), which modulate drought
physiology in plants. Taken together, these results revealed the expression preeminence
of major drought-inducible genes in the root, suggesting its crucial role in drought
adaptation. The occurrence of HCTs in drought-inducible genes highlights the putative
evolutionary modifications of crop plants in developing drought adaptation. We propose
that these DNA motifs can be used as molecular markers for breeding drought-resilient
cultivars, particularly in the cereal crops.
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2 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X X1. IntroductionDrought frequently and severely affects agricultural produc-
tion and threatens food security worldwide. The elucidation
of the mechanisms directly involved in drought tolerance
remains a difficult task, given that drought stress tolerance is
a highly complex trait involving several genetic pathways
acting in concert [1]. Understanding the genetic mechanisms
associated with drought stress tolerance is thus of major
importance to breeding drought-resilient crop varieties [2,3].
It is well documented that roots contribute most to
drought adaptation by producing specialized molecules to
suck water out from ever-drier soils [4]. They act as primary
sensors to detect water shortage and pass this message to
aerial parts via chemical and hydraulic signal transduction
[5,6]. Root-mediated drought signal transduction seems dom-
inant in controlling early stress responses like stomata
closure, reduction in leaf growth, and synthesis of the stress
response phytohormone abscisic acid [6,7]. Furthermore,
roots are considered to be a model organ to study drought
genetics because of their direct involvement in drought
adaptation and their underground location, which helps to
reduce additional sources of variation [8]. Thus, identification
and characterization of genes active in roots offer a sensitive
approach to unveiling the molecular processes behind root-
associated drought adaptation in crop plants.
Recent advances in functional genomics, transcriptomics,
proteomics, andmetabolomics in plant systems have permitted
the comprehensive profiling of alterations in gene expression
following exposure to drought. These tanscriptional changes can
result in successful adaptation to stress tolerance by controlling
gene expression and signal transduction in stress response
(regulatory proteins) or protecting the plant against adverse
conditions (functional proteins). Key regulatory factors control-
ling themajor pathways responsible for drought resistance have
been identified in model plants. Among these, transcription
factors such as AP2/ERF, BZIP, NAC, HD-ZIP,MYB/MYC, and NF-Y
can be induced by drought stress, and alterations in the
expression of some of those genes may affect drought tolerance
[9–14]. However, to date, this knowledge is limited to model
species and the regulation of drought-inducible transcription
factors in major crops such as wheat, barley, maize, and rice
remains to be discovered.
cis elements in gene promoters provide another fascinating
layer of regulation by directing qualitative andquantitative gene
expressions in different tissues of plants. In rice andArabidopsis,
there is evidence that spatio-temporal expression profiles are
altered with changes in promoter sequences. Promoter varia-
tions in AtHDG11, HKT1, Xa13, and LPR1 significantly change
their expression and functions. This observation led to the
conclusion that gene promoter polymorphism underlying the
expression divergence is a contributing factor to the phenotypic
variation [15–18]. In response to water-deficit signals, ABA-
dependent and ABA-independent pathways involve activation
of transcription factors such as AP2/AREB, MYB, MYC, NAC, HD,
and DREB2. These transcription factors bind cis elements on
the promoter and induce the expression of genes controlling
cell signaling and cell homeostasis and physiological changes.
However, knowledge about the presence of cis elements inPlease cite this article as: M.R. Khan, et al., Drought-responsive gen
homotypic cis-regulatory clusters in promoters of major c..., The Cpromoter regions, their cooperative action in plant organs, and
their use as molecular markers in breeding remains sparse in
cereal crops. Accordingly, the aims of the presentmeta-analysis
were to study (i) the expression divergence of drought-inducible
genes in various plant organs across model and crop plants
such as wheat, (ii) the expression profiles of drought-inducible
genes in cereals, and (iii) the critical cis elements underlying
expression divergence in members of drought-responsive gene
families in plant tissues. These study questionswill enable us to
understand the contribution of regulatory elements in root
architecture in conferring drought adaptation in cereals, and to
harness their genetic “intelligence” for improvement of crops
using molecular markers.2. Materials and methods
2.1. Plant materials and drought stress applications
Three varieties of breadwheat including theGalaxy, LocalWhite
(drought-tolerant), and PBP (drought-susceptible) varieties of
Pakistani origin were obtained from the Gene Bank of the
Plant Genetic Resource Institute (PGRI), National Agricultural
Research Center (NARC), Islamabad, Pakistan. Wheat seeds
were germinated in sand for 4–5 days. Seedlings were trans-
ferred into hydroponic solution in a growth room at tempera-
tures of 25 °C–28 °C. Drought stress was applied to wheat
seedlings using 10% and 20% polyethylene glycol (PEG) under
control conditions. Leaves andvarious parts of root tissueswere
harvested for gene expression analysis.
2.2. Nucleotide sequence retrieval and dataset collection
The Ensemble genome browser (http://www.ensembl.org/)
(Hubbard et al. [19]) was used for retrieval of both the coding
and promoter sequences of drought-responsive genes in
the Arabidopsis and rice genomes. The National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov/)
database was also consulted to find putative drought response
sequences in other plant species, particularly in wheat. This
arduous task resulted in a total 42 gene sequences belonging
to several gene families in several plants. The sequences
were edited with Mac Vector 7.2.3. (Accelrys Inc. gcg/Wisconsin
Package, University of Wisconsin, USA) and two separate
datasets were generated, one of coding sequences and another
of promoter sequences. For the promoters, upstreamsequences
of 19 genes were selected for further analysis.
2.3. Gene expression analysis
The expression patterns and functions of genes belonging to
several families of transcription factors were obtained from the
literature. The major emphasis was to document gene expres-
sion data obtained by RNA in situ hybridization, Northern
blotting, and RT-PCR among cereal crops. Expression patterns
were searched for four different tissues including root, leaf,
shoot, and inflorescence. The expression patterns in the tissues
were analyzed qualitatively. Finally, a heat map was generated
by qualitatively comparing the expression patterns of selected
genes in various tissues.es expressed predominantly in root tissues are enriched with
rop Journal (2016), http://dx.doi.org/10.1016/j.cj.2016.10.001
3T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X XWheat homologs of two drought tolerance genes, DREB2A
and AQP7, were selected for gene expression studies. Total
RNA was extracted from leaves, root tips, and root junction
samples of the three wheat varieties under PEG stress and
control conditions. RNA was transformed to cDNA using
a reverse transcriptase kit (Thermo Scientific, Darmstadt,
Germany). Semi-quantitative RT-PCR was performed for 27
samples using cDNA as template. The elf gene served as an
endogenous control to normalize the cDNA concentrations
of the samples. Semi-quantitative PCR was performed in a
25 μL reaction volume containing 0.5 μL Taq enzyme, 3 μL
MgCl2, 2.5 μL template, 1 μL dNTPs, 1 μL of each primer
at a working concentration of 20 mmol L−1, and 11 μL
nuclease-free water. PCR profiles were set at 95 °C for 3 min,
followed by 25 to 35 cycles of 94 °C for 30 s, 52 °C for 30 s, and
68 °C for 30 s, depending upon the individual genes. Final
extension was performed at 68 °C for 7 min. Amplified
products were separated on 2% agarose gel and visualized
with a gel documentation system.
Quantitative real-time RT-PCR was performed using
the StepOnePlus Real-time PCR Detection System (Applied
Biosystems, Foster City, USA). The expression of the wheat
DREB2 and AQP7 homologs (TaDREB2 and TaAQP7) was
estimated. Leaf, root tip, and root junction samples under
10% and 20% PEG alongwith control sampleswere tested. The
comparative ΔΔCT method was used for expression analysis.
The reaction was performed in a 25 μL reaction volume
including 125 nmol L−1 of gene-specific primer and 1× SYBR
Green Supermix solution (Invitrogen, Carlsbad, USA). The
reaction volume used was 20 μL containing 10 μL of SYBR
Green. The PCR profile was set to 95 °C for 5 min followed by
45 cycles at 95 °C for 30 s, 52 °C for 30 s, 72 °C for 1 min, and a
final melt curve analysis of 52 °C to 95 °C. Data were recorded
as ΔCT values, a standard curve, an amplification plot, and a
melt curve plot. The experiment was repeated at least three
times. Relative expression of the TaDREB2 and TaAQP7
transcripts was normalized with respect to elf and α-Tubulin
gene expression. The data were analyzed with StepOnePlus
Software (ABI).
2.4. Identification of cis-elements
The drought gene regulatory sequences [19] frommonocots (rice,
wheat, maize, etc.) as well as dicots (Arabidopsis, soybean, and
tomato) were analyzed using promoter sequencemore than 2 kb
upstream of the translational start site. To map the conserved
regions, the VISTA program [20] was employed, and in silico
mapping of conserved transcription-factor binding sites (TFBS)
was performed using MULAN package [21] online (http://mulan.
dcode.org/) (multiple-sequence local alignment), MultiTF (local
multiple sequence alignments, transcription factor binding
sites), and the JASPAR 3 database [22]. Putative HCTs were
predicted using the TRANSFAC database (http://www.gene-
regulation.com/pub/databases.html) [23] and their position was
determined by comparison of promoter regions. To find the
motifs involved in regulation of drought-responsive genes,
cis elements including DREs (CCGAC), AuxREs (TGTCTC), ABREs
(ACGT), MYCRs (TAACNA), MYBRs (CANNTG), and ERD1
(CATGTG)were located and their positionsweremapped starting
from the translation start site to the −2 kb upstream region.Please cite this article as: M.R. Khan, et al., Drought-responsive gen
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After sequences were retrieved for each gene family, the
sequences and phylogenetic analyses were carried out using
MacVector version 9.0 and MEGA6 [24]. Clustal W and
MacVector 9.0 were used as a multiple alignment tool for
amino acid alignment. Initially, the nucleotide sequences
were translated in the MacVector program using the default
parameters. Later, using amino acid alignment files, a
phylogenetic tree was constructed by the maximum likeli-
hood method [25,26] as implemented in MEGA6. The com-
plete deletion option was used to exclude any site that
created a gap in the sequences. The bootstrap method was
used to test the authenticity of the generated tree topologies
[27]. The method (at 1000 pseudoreplicates) gave the bootstrap
probability of each interior branch in the tree.3. Results
3.1. Drought stress-associated genes are expressed primarily
in root tissues
We searched for the expression profile and functions of the
members of drought-responsive gene families including
NHX, DREB, NAC, HKT, MYB, and WRKY (Table 1). The
expression data of these gene families suggest that the
transcripts of these genes are induced by drought/salinity
stress. Further, this data reveal that these genes are differ-
entially expressed in root, shoot, leaf, and inflorescence
tissues (Fig. 1). Remarkably, almost all the genes were
expressed at higher levels in root tissues. In contrast, the
expression is weakest in inflorescence tissues. However, the
shoot and leaves are the organs where expression is either
intermediate or weak. Members of the DREB clade such as
OsDREB, TaDREB, ZmDREB, and AtDREBs are predominantly
expressed in root tissues. However, their expression is barely
detectable in the shoot. Nevertheless, these genes were
expressed in leaves and inflorescence. The expression of the
NHX gene family (OsNHX1, AtNHX1, TaNHX1, ZmNHX1) in
addition to roots, was also discernable in shoot tissues.
Notably, NHX genes were equally expressed in root, shoot,
leaf, and inflorescence tissues. Also,OsDIL of ricewas expressed
weakly in roots but strongly in inflorescence. Recently, DRO1
has been shown to be strongly expressed in rice root tips [28].
The species-wise expression data indicated that the homologs
of drought inducible genes exhibited stronger expression in
wheat than the other plants.
Three local wheat cultivars, Local White, Galaxy (both
drought-tolerant) and PBP (drought-susceptible), were selected
for physiological studies under hydroponic conditions (Fig. 2A).
Under stress conditions, the root development of the drought-
susceptible PBP variety was arrested, whereas the drought-
tolerant Local White and Galaxy varieties developed an elon-
gated, and extensive root system. At 10% PEG concentration, the
root did not exhibit much variation, but under extreme stress at
20% PEG, the roots became elongated andwhitish in LocalWhite
and Galaxy in comparisonwith the PBP counterpart. In contrast,
leaves remained shorter and showed a higher rate of yellowing
in the drought-susceptible variety PBP at 20% PEG. Furthermore,es expressed predominantly in root tissues are enriched with
rop Journal (2016), http://dx.doi.org/10.1016/j.cj.2016.10.001
Table 1 – Drought tolerance genes are strongly expressed in root tissues.
No. Gene Identifier Specie Expression Analysis Function Reference
Root Leaf Shoot Inflor*
1 OsDRO1 AB689742.1 O. sativa ++ + + + RT -PCR, in situ
hybridization
Drought tolerance; cell
elongation in the root tip
Uga et al. [28]
2 AtNHX1 HE802884.1 A. thaliana ++ . + . RT-PCR Salt/drought tolerance Yoekoi et al. [29]
3 AtNHX2 NM_001084641.1 A. thaliana ++ . + . RT-PCR Salt/drought tolerance Yoekoi et al. [29]
4 AtNHX3 XP_002866096 A. thaliana ++ . − . RT-PCR Salt/drought tolerance Yoekoi et al. [29]
5 AtNHX5 AF490589.1 A. thaliana + . + . RT-PCR Salt/drought tolerance Yoekoi et al. [29]
6 AtNHX4 AF490588 A. thaliana ++ . ++ . RT-PCR Salt/drought tolerance Yoekoi et al. [29]
7 AtNHX6 AF490590.1 A. thaliana ++ . + . RT-PCR Salt tolerance Yoekoi et al. [29]
8 ZmNHX1 AY270036.1 Z. mays ++ . − . N-Blot Salt/drought tolerance Zorb et al. [30]
9 ZmNHX2 NM_001112061.1 Z. mays ++ . − . N-Blot Drought tolerance Zorb et al. [30]
10 ZmNHX3 NM_001111752 Z. mays ++ . − . N-Blot Drought tolerance Zorb et al. [30]
11 ZmNHX4 AY270039 Z. mays ++ . − . N-Blot Drought tolerance Zorb et al. [30]
12 ZmNHX5 NM_001111753.1 Z. mays ++ . − . N-Blot Drought tolerance Zorb et al. [30]
13 ZmNHX6 NM_001111754.1 Z. mays ++ . − . N-Blot Salt/drought tolerance Zorb et al. [30]
14 OsNHX1 KC610949.1 O. sativa + + + + N-Blot Salt/drought tolerance;
compartmentalization
into vacuole
Fukuda et al. [31]
15 OsNHX2 AB531435.1 O. sativa + + + + N-Blot Drought tolerance;
internal pH
maintenance; cell
volume and sodium
level in cytoplasm
Fukuda et al. [31]
16 OsNHX3 AB531433.1 O. sativa + + + + N-Blot Drought tolerance;
internal pH
maintenance; cell
volume and sodium
level in cytoplasm
Fukuda et al. [31]
17 OsNHX5 AB531434.1 O. sativa + + + + N-Blot Salt tolerance;
internal pH
maintenance; cell
volume and sodium
level in cytoplasm
Fukuda et al. [31]
18 OsARAG1 AJ307662 O. sativa + − − + RT-PCR;
RNA-Blot
ABA signaling and
stress response
Zhao et al. [32]
18 OsDREB1 AF300970 O. sativa ++ . . . RT-PCR Drought/cold tolerance Dubouzet et al. [33]
19 OsDREB2 AF300971 O. sativa + . . . RT-PCR Drought and salt
tolerance
Dubouzet et al. [33]
20 ZmDREB1 NM_001111611.1 Z. mays +++ + . . qRT-PCR Drought tolerance Liu et al. [34]
21 ZmDREB2 JF915834 Z. mays +++ + . . qRT-PCR Drought tolerance Liu et al. [34]
22 TaDREB2 GU785008 T. aestivum +++ + . + RT-PCR and
qRT-PCR
Frost and drought
tolerance
Morran et al. [35]
23 TaDREB3 GU785009 T. aestivum +++ + . + RT-PCR and
qRT-PCR
Frost and drought
tolerance
Morran et al. [35]
24 TaCHP GQ379226 T. aestivum +++ − . . RT-PCR ABA signaling and
drought stress
responsive
Li et al. [36];
Wang et al. [37]
25 OsHRD NM_001060021 O. sativa + + + + RT-PCR Drought tolerance Karaba et al. [38]
26 TaNAC6 HM027571 T.aestivum + ++ + . RT-PCR Salt tolerance Tang et al. [39]
27 OsNAC6 AB028185 O. sativa + + . . RT-PCR Salt tolerance Kikuchi et al. [40]
28 TaNTL5 HM027574 T. aestivum + + . . RT-PCR Drought tolerance Tang et al. [39]
29 TaSIP HM205107.1 T. aestivum +++ + . . RT-PCR Drought tolerance Du et al. [41]
30 OsSKC1 DQ148410.1 O. sativa +++ ++ + . RT-PCR, GUS
expression
analysis
Regulating K+/Na+
homeostasis under salt
stress
Ren et al. [42]
31 TaSnRK2.4 GQ384359 T. aestivum +++ + . . Real-time PCR Salt, drought and cold
tolerance; root growth
Mao et al. [43]
32 TaEXPB23 AY260547.1 T. aestivum + + . . Real-time
RT-PCR.
Drought tolerance Han et al. [44]
33 TaASR1 HQ287799.1 T. aestivum +++ + + . qRT-PCR Drought tolerance Hu et al. [45]
34 TaHPS EU302132 T. aestivum + + . . RT-PCR Salt and drought
tolerance
Xiao et al. [46]
35 TaWRKY2 EU665425.1 T. aestivum . . . . RT-PCR Salt and drought
tolerance
Niu et al. [47]
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Table 1 (continued)
No. Gene Identifier Specie Expression Analysis Function Reference
Root Leaf Shoot Inflor*
36 TaWRKY19 EU665430.1 T. aestivum . . . . RT-PCR Salt, drought, and
freezing tolerance
Niu et al. [47]
37 TaMYB30 JF951913 T. aestivum + . . . RT-PCR Drought tolerance Zhang et al. [48]
38 TaSRHP GQ476575 T. aestivum + . . . RT-PCR Drought tolerance Hou X. et al. [49]
39 TaNAC2a KF646593.1 T. aestivum + +++ + . RT-PCR Drought tolerance Tang et al. [42]
40 OsDIL NM_001070697.2 O. sativa + + + ++ qRT-PCR Drought tolerance Guo et al. [50]
41 TaHKT8 DQ646338.1 T. aestivum + + + . RT-PCR Salt tolerance,
regulating K+/Na+
homeostasis under salt
stress
Byrt et al. [51]
42 OsHKT1 EF373553.1 O. sativa + + + . RT-PCR Salt tolerance,
regulating K+/Na+
homeostasis under salt
stress
Byrt et al. [51]
A list of drought tolerance genes and their expression in root, leaf, shoot, and inflorescence is presented. Expression ismeasured inqualitative terms
based on the report from the literature. + : weak expression, ++ : moderate expression, +++ : strong expression, .: data not available.* : Inflorescence.
5T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X Xthe rate of seedling germination was lowered under extreme
water scarcity conditions.
In this study, two drought-responsive genes, DREB2A and
AQP7, were selected for expression analysis under drought
stress conditions in the above three varieties. Gene expression
profiling of drought-responsive genes in tissues including
leaves, root tips, and root junctions was performed using
semi-quantitative RT-PCR (Fig. 2B). Differential gene expres-
sion was observed in different tissues. The transcript signals
for both genes were higher in root tips and root junctions in
comparison with leaf tissues. The expression of DREB2 was
abundant in leaves, root tips, and root junctions, whereas the
expression of AQP7 was found in root tip and root junction,
but signals were barely detectable in leaves. With the increase
in stress conditions, transcript accumulation was also en-
hanced. Real-time RT-PCR expression analysis indicated that
stress induced stronger transcript signals for both genes in
comparison with the control (Fig. 2C). However, the AQP7
signals remained weaker than DREB2 signals. Thus, RNA
accumulation was directly correlated with the severity of
drought stress conditions.
Taken together, these data suggest that different clades and
their members have divergent expression, although these gene
clades originated from a common ancestor. In agreement
with this hypothesis, promoter variations were accounted
for the divergent expression. This expression divergence
usually occurs because of modifications in the cis-regulatory
elements in the promoter regions. We accordingly decided to
analyze the promoter sequences of members of these gene
families with various bioinformatics tools to identify the
putative cis-motifs underlying their divergent expression.
3.2. Clusters of TFBSs are found in the promoter regions of
drought-responsive genes that can serve asmarkers for breeding
in cereals
The striking differences in expression profiles led us to compare
carefully the promoter sequences of drought-responsive genes.Please cite this article as: M.R. Khan, et al., Drought-responsive gen
homotypic cis-regulatory clusters in promoters of major c..., The CTo perform comparative sequence analysis, we selected 19
promoter sequences more than 2 kb upstream of translation
start sites in different gene families. As the gene families are
highly diverse, mVISTA alignments identified no conserved
regulatory block in the promoter region. Similarly, the promoter
phylogeny also revealed no well-defined clades or clusters
(Fig. 3A). Given that the complexity of phenotypic variation
might be correlated with an increase in the number and
position of TFBSs, we searched for the presence and position
of TFBS in the promoter regions of NHX, DREB, WRKY, and
DRO1. For this purpose, individual promoter sequences were
scanned for the presence of DREs (CCGAC), AuxREs (TGTCTC),
ABREs (ACGT), MYCRs (TAACNA), MYBRs (CANNTG), and ERD1
(CATGTG) motifs. A total of 708 TFBS belonging to all these
TFs families were identified in these promoters (Table 2).
Remarkably, the MYBRs (239), AuxREs (181) and ABREs (122)
were the most abundant sites, followed by MYCRs (140) and
DREs (19). The ERD1 were the least abundant (7). These
sites were randomly distributed over the entire length of the
promoter, but most of them were found in the promoter's
proximal region. The question arises: which sites in which
regions are likely to be functional? Previously, research has
revealed that sites in the vicinity of the transcription start
site (TSS) 200 bp up- and downstream are likely to be
functional [52]. Indeed, in these promoters, there were
many sites located near the TSS. These include DREs in
OsDREB1, AtLTI, AtNHX, OsLEA, and TtDREB2. DREs. CCGAC
were found only in OspDREB1A, OspDRO1, AtpLTI, AtpNHX1,
AtpWRKY2,OspLEA, TtpDREB2,AtpHKT,GmNAC20, and SlAREB at
different positions [53] (Fig. 3B). Interestingly, some of the cis
motifswere overlapping, indicating that in a stretch of 100 bp, at
least 3 TFBS for the same TF could be found. These constitute
homotypic cis clusters (HCTs) of TFBS. A total of 35 HCTs were
found in all the promoters. Themaximumnumber of cis clusters
was detected for MYBRs. The largest cluster of 5 TFBS was
observed in the AtpNTL promoter for MYCRs TF in a stretch of
just 61 bp from −1518 to −1579. It is interesting to note thatHCTs
are distributed in the drought-responsive genes of bothmonocotes expressed predominantly in root tissues are enriched with
rop Journal (2016), http://dx.doi.org/10.1016/j.cj.2016.10.001
Fig. 1 – Meta-analysis of drought-responsive genes in
selected crops and model plant species. The heat map
depicts the qualitative expression of different families of
drought-responsive transcription factors in four organs.
A legend is shown at the bottom.
6 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X Xand dicot plant species. This is an interesting finding, as the
cooperative action of these elements provides a mechanistic
advantage for the binding of transcription factors. Thus, these
clusters are likely to be functional.
The presence of a transcription factor binding site allows us to
speculate that theseelementsunderlie the expressiondivergence
of drought-responsive genes. Next, we focused on the phyloge-
netic relationships of drought-responsive genes with one
another.Please cite this article as: M.R. Khan, et al., Drought-responsive gen
homotypic cis-regulatory clusters in promoters of major c..., The C3.3. Construction of phylogeny and identification of amino acid or
domains responsible for drought tolerance using protein alignment
To infer phylogenetic relationships among drought-responsive
families and homologs fromdifferent plants, a neighbor-joining
tree was constructed. Fig. 4 shows that the 41 members of
drought-responsive genes differentiated into two distinct
groups. The first group constitutes all the NHX and HKT genes
and four other genes including TaWRKY, TaCHP, TaSnRK2, and
OsSKC1. Most of these desiccation-induced genes are associated
with ionic homeostasis, which has implications for salt stress
tolerance [54]. The lower clade contains all the DREBs, NAC,
OsDRO, OsDIL, and other drought-responsive genes in wheat.
Overall, all the homologs conglomerate with their respective
families. Nevertheless, discrepancies are present. This phylo-
genetic relationship indicates that the drought-responsive
genes belong to diverse families and their sequences are quite
diverged; nonetheless, clusters of similar genes are visible.
Generally, it is hard to find a commondomain ormotif in such a
diverse cluster of drought-responsive genes.4. Discussion
4.1. The root as a fundamental target of drought-associated
gene expression
Drought stress is one of the most important challenges for
plant breeders to feed the growing human population. More
than 40% of calories in human diets are obtained from cereals
such as wheat, barley, maize, and rice. Therefore, developing
staple food cultivars with improved drought tolerance and
eventually productivity has emerged as the most sustainable
solution [55]. Recent advances in molecular biology and
genomics have revealed that drought tolerance is not a result
of the operation of some selected genes, but that of a
multi-site regulatory network whose components act in a
dynamic pattern with many feedback reactions [56]. Roots are
considered to be a model organ to study drought genetics
because of their direct involvement and underground loca-
tion. They also act as primary sensors for water shortage and
pass the signals to aerial parts through signal transduction.
Previous studies have shown that in some plant species,
deeper and/or more extensive root systems are associated
with increased drought resistance [57,58]. Accordingly, the
production of signals and eventually the expression of
drought-responsive genes are predicted in the root tissues.
This study revealed that, indeed, the expression of almost all
the genes belonging to a drought-associated gene family is
stronger in root tissues than in other tissues. NHX, DREB, NAC,
HKT,MYB, andWRKY show higher levels of gene expression in
roots. Interestingly, expression in roots is stronger in cereals
than in other plants. Wang et al. [59]. reported genome-wide
temporal–spatial gene expression profiling of drought respon-
siveness in rice, showing that most of these genes are
overrepresented in roots. Indeed, in the present study, the
expression of TaDREB2 and TaAQP7was increased in roots tips
and root junctions in comparison with that in leaf tissues.
This spatial and temporal regulation of drought-responsive
genes in wheat roots unequivocally shows that the root is thees expressed predominantly in root tissues are enriched with
rop Journal (2016), http://dx.doi.org/10.1016/j.cj.2016.10.001
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Fig. 2 – Physiological and gene expression patterns of DREB2 and AQP7 in wheat. (A) Two local wheat cultivars, LocalWhite and
PBP, were subjected to 20% PEG stress in a hydroponic system. An extensively elongated root system developed in the
drought-tolerant Local White variety. (B) Gene expression studies of DREB2 and AQP7 in tissues of local wheat cultivars using
semi-quantitative RT-PCR. elf is the internal control gene. (C) Real-time RT-PCR analysis of DREB2 and AQP7 genes. Elf and
α-Tubulin served as endogenous controls for normalization. Con: control, R: root, J: junction, T: tip, PEG: polyethylene glycol.
Error bars indicate the standard deviation.
7T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X Xprime target for drought-responsive gene expression. It is now
imperative that gene expression profile in this neglected
organ (root) can be exploited for breeding as well as
engineering drought tolerance in crop plants.
4.2. New molecular markers in the form of homotypic
cis-regulatory clusters for breeding against drought stress
cis regulatory elements located in the promoter region underlie
changes in gene expression. A search for cis motifs reported to
be recruited in drought gene regulation revealed many DREBs,
MYBREs, AuxREs, MYCREs, and ABAREs in the −2 kb upstream
promoter region. A total of 708 transcription factor binding sitesPlease cite this article as: M.R. Khan, et al., Drought-responsive gen
homotypic cis-regulatory clusters in promoters of major c..., The Cwere detected in 19 selected promoter sequences, suggesting
a strict control by regulatory elements of the expression of
differentially regulated (in a tissue- or stage-specific manner)
drought stress-responsive genes. In a genome-wide exploration
of drought-responsive genes of rice, a cis element containing a
special CGCG boxwas overrepresented in the upstream regions
of 55 commonly induced genes. However, whether this element
functions as a TFBS needs to be further investigated. But TFBS
detected in this study were already validated empirically. For a
context-dependent expression, the TFBSwithin these elements
cooperate and organize into distinct cis-regulatory modules
(CRMs) [60]. Within these CRMs some TFBSs for the same TF
overlap or cluster together as homotypic clusters (HCTs) ofes expressed predominantly in root tissues are enriched with
rop Journal (2016), http://dx.doi.org/10.1016/j.cj.2016.10.001
AB
Fig. 3 – Alignment and relationship among the promoters of different families of drought-responsive genes. (A) Phylogenetic
reconstruction was performed with MEGA6. The alignment is based on genomic sequences 2 kb upstream of translation
start sites. Evolutionary distance was computed using the neighbor-joining algorithm. The scale bar indicates the distance
as calculated from the multiple alignments. Bootstrap values (1000 pseudoreplicates) are indicated at the nodes of the tree
and are expressed as percentages. The letter p after species prefixes stands for promoter. (B) Multiple alignments of short
regions of drought-responsive promoters. The solid block line (box) encloses the conserved dehydrin response element
(CCGAC).
8 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X XTFBSs. To date, the presence ofHCTs in animals, humans, and a
few other plants has been reported [61], but there has been no
report of their occurrence in the promoter sequences of drought
tolerance genes of cereals. In this study, we have found cis
clusters for MYBREs, AuxREs, MYCREs, and ABAREs. Remark-
ably, these cis clusters are present in drought-responsive genes
across both monocot and dicot plant species. The mechanistic
advantages offered by these HCTs render them the most likely
functional binding sites for specific expression patterns inPlease cite this article as: M.R. Khan, et al., Drought-responsive gen
homotypic cis-regulatory clusters in promoters of major c..., The Cdifferent tissues. Interestingly, most of the breeding traits are
quantitative in nature, putatively owing to the incremental
effects of these cis elements across the genomes of crop plants.
For this reason, their direct selection in plant breeding as DNA
markers for the establishment of drought-resilient cultivars is
desirable because of their diversity among natural populations
of crop plants. Although these are genuine transcription factor
binding sites, precise dissection of their molecular role awaits
further experiments and empirical validation.es expressed predominantly in root tissues are enriched with
rop Journal (2016), http://dx.doi.org/10.1016/j.cj.2016.10.001
Table 2 – Abundant cis motifs of transcription factors are present on the promoters of drought-responsive genes.
Promoter DREs AuxREs ABREs MYBRs MYCRs ERD1
OspDREB1 743, 749,
1050
53, 215, 347, 741, 747, 1013,
1048, 1055, 1264
876, 1061, 1499, 1587,
1703
6, 51, 163, 240, 555, 877, 983,
1517, 1963
1307, 1910 240
OspNHX1 – 933, 1704 393, 662, 1534, 1814 238, 371, 396, 468, 500, 535,
665, 671, 713, 943, 975, 998
1615 977
OspDRO1 1468 270, 351, 635, 726, 753, 813,
980, 1105, 1430, 1708
238, 427, 1263, 1494,
1590, 1644, 1676, 1796,
1886, 1995
109, 145, 263, 328, 438, 466,
618, 823, 893, 1150, 1428,
1463, 1495, 1687, 1710
950, 1340, 1552, 1905 –
OspNAC6 – 167, 258, 444, 666, 797,
1213, 1976
206, 261, 304, 346, 447,
537, 1348, 1910, 1936
175, 209, 219, 264, 349, 449,
633, 1149, 1255, 1431, 1597,
1913, 1949
1009, 1466, 1601, 1860 –
AtpLTI 323 136, 193, 258, 483, 1848,
1626
197, 224, 245, 329, 458,
706, 874
36, 143, 238, 364, 426, 489, 499,
800, 876, 995, 1296, 1477,
1534, 1557
353 –
AtpDREB1A – 57, 225, 312, 468, 495, 1144,
1146, 1174, 1647, 1697
241, 433, 485, 642, 654,
1344, 1493, 1761, 1765,
1873
265, 580, 1018, 1511, 1695 346, 401, 435, 472, 924,
1080, 1870
–
AtpNHX1 374 311, 1032 198, 729 49, 267, 364, 442, 467, 472, 477,
649, 777, 920, 1009, 1505,
1754, 1872
1494, 1536, 1694, 1798 –
AtpNAC – 1307, 1616, 1737, 1756,
1826
801, 1376, 1536 93, 185, 497, 728, 993, 1028,
1102, 1145, 1379, 1406
332, 482, 691, 957, 997,
1296, 1503, 1713
994
AtpWRKY2 904, 973,
1420
137, 139, 202, 231, 399, 595,
1521, 1981
278, 417, 1309 143, 362, 537, 665, 750, 985,
996, 1069, 1114, 1213, 1273,
1283, 1418, 1474, 1483, 1488,
1685, 1710
1354, 1590, 1673, 1775,
1799, 1966
1418
OspWRKY2 614 40, 145, 268, 535, 680, 771,
784, 897, 996, 1000, 1027,
1031, 1094, 1113, 1165,
1251, 1278, 1321, 1379,
1404, 1456, 1525, 1714
363, 611, 776, 1131,
1217, 1448, 1705, 1754,
1766, 1843, 1854
79, 193, 895, 1002, 1458, 1483,
1673
921 –
OspLEA 464, 406,
1414, 291
152, 164, 209, 383, 434, 529,
554, 717, 878, 1066, 1073,
1087, 1543, 1653, 1785,
1843, 1890
167, 199, 229, 368, 386,
454, 566, 1078, 1193,
1325, 1369, 1422, 1712,
2216, 2272, 2276
92, 278, 337, 369, 387, 401, 513,
540, 617, 721, 745, 771, 815,
951, 1150, 1225, 1363, 1466,
1496, 1675, 1713, 1741, 1894,
1925, 1997, 2008, 2013, 2021,
2060, 2078, 2091, 2197, 2284,
2308
599, 784, 794, 1460, 1589 –
TtpDREB2 262, 1273 48, 83, 206, 265, 324, 362,
386, 445, 651, 580, 660, 844,
941, 1120, 1284, 1300, 1604,
1599, 1941
21, 37, 78, 178, 402, 643,
636, 879, 1128
144, 599, 658, 667, 1115, 1194,
1278, 1381, 1411, 1475, 1568
350, 1640, 1662, 1739 –
AtpNTL – 784, 928, 1063, 1601, 1675,
1750, 1836, 1844
450, 982, 1031, 1169,
1243, 1259, 1337
318, 1052, 1171 851, 924, 937, 1038, 1043,
1266, 1409, 1469, 1518, 1544,
1550, 1571, 1579, 1688, 1765,
1779, 1838, 1873
–
AtpHKT 16 88, 265, 649, 826, 847, 907,
914, 1078, 1295, 1352, 1478,
1566, 1926
74, 280, 810, 950, 1495,
1921
263, 281, 726, 830, 902, 992,
1049, 1090, 1168, 1174, 1192,
1263, 1311, 1628
792, 1016, 1055 830
OspHKT – 51, 164, 414, 566, 814, 955,
1023, 1093, 1255, 1327,
1376, 1518, 1632, 1839
1051, 1348, 1381, 1541,
1557
241, 299, 486, 562, 607, 751, 915,
940, 957, 1061, 1237, 1242, 1247,
1449, 1464, 1530
247, 384, 465, 787, 858, 897,
909, 932, 1219, 1285, 1540,
1580, 1607, 1708
–
AtpAREB2 – 322, 473, 552, 808, 987,
1190, 1213, 1340, 1346,
1369, 1519, 1775
1016, 1068, 1084 166, 188, 212, 244, 428, 932,
1113, 1416, 1424, 1907
273, 314, 374, 389, 496, 795,
804, 984, 1004, 1209, 1748,
1834
–
GmpHDZIP – 13, 751, 781, 850, 1426,
1982
934, 1385, 1751 301, 329, 609, 641, 710, 742,
767, 771, 1627, 1703, 1759,
1823
18, 141, 155, 169, 172, 234,
429, 462, 470, 483, 487, 786,
885, 925, 1010, 1383, 1651
241,
895
GmpNAC20 270 456, 1057, 1440, 1757, 1832 119, 206, 1066, 1820,
1829
26, 165, 253, 354, 490, 652, 766,
883, 893, 982, 1663, 1924
39, 98, 111, 134, 785, 1012,
1345, 1390, 1453, 1754,
–
SlpAREB 726 64, 89, 498, 591, 1442 441, 717, 745, 1345 58, 225, 239, 621, 716, 1823,
1905, 1945
51, 70, 183, 190, 420, 710,
742, 820, 997, 1159, 1305,
1352, 1360, 1529, 1560
–
Specification and position of cis-regulatory elements of drought tolerance genes is presented. Homotypic clusters (HCTs) are shown as numbers
with underline. The letter p after species prefixes stands for promoter. The position of the translation start site is +1.
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Fig. 4 – Relationship among different families of drought-responsive genes. Phylogenetic reconstruction was performed with
MEGA6. The alignment is based on the total coding sequences. Evolutionary distance was computed by the neighbor-joining
algorithm. The scale bar indicates distance as calculated from the multiple alignments. Bootstrap values (1000
pseudoreplicates) are indicated at the nodes of the tree and are expressed as percentages. All the DREBs are shown in bold blue
and wheat homologs in bold green.
10 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X XIn conclusion, the root is the primary organ showing
expression divergence of various drought-associated genes.
The present study revealed that the majority of drought-
inducible genes were strongly expressed in roots followed by
stem, leaf, and inflorescence. Cis-regulatory motifs underlying
expression divergence were common among the promoters
of different gene families. These elements were suitable for
cooperative binding in gene regulation and constitute several
overlapping regulatory modules or cis clusters. These HCTs
might facilitate our understanding on the evolution of drought-
inducible genes in establishing several layers of transcriptional
regulation. The elucidation of expression patterns of drought-
responsive genes of wheat in different tissues (predominantly
in root) and occurrence of HCTs as cis elements for drought
responsiveness is a very useful resource for molecular breeding
of cereal crops. The provision of cis-regulatory markers in
the form of clusters can augment the efforts of breeders in
generating crops with optimized gene expression against
drought. However, there is still much to be learned about
these genes, as most of them have been studied only in model
plants such as Arabidopsis and tobacco. For this, the identifica-
tion of drought-tolerant varieties such as Local White and
Galaxy, generated by conventional breeding, seems valuablePlease cite this article as: M.R. Khan, et al., Drought-responsive gen
homotypic cis-regulatory clusters in promoters of major c..., The Cgenetic resources for deciphering root architecture and drought
stress tolerance in crop plants. The next step could be the
pyramiding of drought tolerance genes through either genetic
transformation or gene breeding coupled with marker-assisted
selection.Availability of data and materials
DNA sequence data used in the present study are available in
public repositories as well as in publications cited in this
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